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ABSTRACT 

We present high signal-to-noise, moderate-resolution spectroscopy of 48 early-type 
members of the rich cluster Abell 2218 at z = 0.18 taken with the LDSS2 spectrograph 
on the 4.2-m William Herschel Telescope. This sample is both larger and spans a 
wider galaxy luminosity range, down to -I- 1, than previous studies. In addition 
to the relatively large size of the sample we have detailed morphological information 
from archival Hubble Space Telescope imaging for 20 of the galaxies. We combine 
the morphological, photometric, kinematic and line-strength information to compare 
A 2218 with similar samples drawn from local clusters and to identify evolutionary 
changes between the samples which have occured over the last w 3 Gyrs. The overall 
picture is one of little or no evolution in nearly all galaxy parameters. Zeropoint offsets 
in the Fab er- Jackson, Mg^-cr and Fundamental Plane relations are all consistent with 
passively evolving stellar populations. The slopes of these relations have not changed 
significantly in the 3 Gyrs between A 2218 and today. We do however find a significant 
spread in the estimated luminosity-weighted ages of the stellar populations in the 
galaxies, based on line diagnostic diagrams. This age spread is seen in both the disky 
early-type galaxies (SO) and also the ellipticals. We observe both ellipticals with a 
strong contribution from a young stellar population and lenticulars dominated by 
old stellar populations. On average, we find no evidence for systematic differences 
between the populations of ellipticals and lenticulars. In both cases there appears to 
be little evidence for differences between the stellar populations of the two samples. 
This points to a common formation epoch for the bulk of the stars in most of the 
early-type galaxies in A 2218. This result can be reconciled with the claims of rapid 
morphological evolution in distant clusters if the suggested transformation from spirals 
to lenticulars does not involve significant new star formation. 

Key words: galaxies: elliptical and lenticular - galaxies: stellar content - galaxies: 
fundamental parameters - galaxies: evolution - cluster of galaxies: individual, Abell 
2218 



1 INTRODUCTION 



pliLdlLlUll Uf lULill gaUxjl SLilllllg HjULiUll!, Lu LllB 



The a; 

galaxy populationa in diatant clugtcrg is widely regarded as 
one of the most powerful routes to understanding their for- 
mation and development. The main scaling relations which 
have been employed are the F aber-Jackson relation ( FJR, 
luminosity-velocity dispersion, Faber & Jackson 1976), the 
Kormendy relati on (KR, surface brightness-effective radius, 
Kormendy 1977), the Fundamental Plane (FP, combining 
surface brightness, effective radius and velocity dispersion. 
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Dressier et al. 1987; Djorgovski & Davis 1987; 



Bender et al 



199!^ ) and the Mg-velocity disper sion relation (Mg-o", [Ben 



der et al. 1993; 



Colless et al. 1999). These four relationships 



test different aspects of the luminosity and mass evolution 
of cluster galaxies and are predominantly applicable to the 
early-type galaxies which dominate the cores of rich clusters 
both locally and at high redshifts. 

Two of these relations rely on accurate photometric and 
structural information for the galaxies, and as result there 
has been significant work employing WFPC2 on-board Hub- 
ble Space Telescope (HST) to study the photometric evo- 
lution of morpholoKically-cl assified elliptical galax ies in dis- 
tant clusters u sing the KR ( Barrientos et al. 19961: Schade et 



al. 1996, 1997; Fasano et al. 1998 



[Barger et al. 1998| ; [Ziegler 
et al. 1999). These studies suggest mild evolution in lumi- 
nosity and size for ellipticals in rich clusters, consistent with 
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passive evolution. Other groups assume "a priori" a degree 
of luminosity evolution based upon stellar population mod- 
els and then attempt to use the observed KR evolution to 



in distant clusters shows them to be almost identical in their 



4000 A break colours (Ellis et al. 1997), and hence by im 



constrain cosmological models (Pahre et al. 1996 



Moles et 



al. 1993). Unfortunately, as was pointed out by Ziegler et al 



(1999)[jthe statistical and systematic errors in the measure- 
ment and transformation of HST magnitudes are too large 
to give unambigous results for cosmological parameters. 

More detailed information comes from studies inves- 
tigating the evolution of the FJR and FP which supple- 
ment t he photometry (both HST and ground-based) with 



plication their ages. Unfortunately, the degeneracy between 
age and metallicity in most observables based on integrated 
spectra (e.g. broad-band optical photo metry) make t hese 
hypotheses difficult to test conclusively (Worthey 1994). 



modera te-resolution spectroscopy, capable of resolving ve- 



locity dispersions down to ~ 100 km s ^ . Results have so 
far been published o n the clusters A 2218 (z — 0.17) and 

MS 1358+62 



(1999) 



A 665 (2 = 0.18) by J0rgensen et al 

{z = 0.33) and MS 2053-04 (z = 0.58) by , , 

(1997) []A370, MS 1512+36 and C10949-H44 aU a t z = 0.37 



Kelson et al 



(see Bender et al. 1996 ; Ziegler fc Bender 1997 ; Bender et 
al. 199^1); CI 0024+16 (V= 0.39) by [van Dokkum 



Franx 



(1996)L and MS 1054-03 {z = 0.83) b^ 
(1998b^ . In particular, the study of 



van Dokkum ct al 



Kelson et al. (2000b) 



exploited a mosaic of HST images and Keck spectroscopy, 
to cons truct the FP for 30 luminous E and SO galaxies in 



CI 1358 f62. The shape of the FP is very similar to that of 
the local Coma cluster and the offset between them can be 
explained by a mild evolution in luminosity. Unfortunately 
line strengths could not be explored since the widely-used 
Mgi, index falls into a strong telluric band at the cluster 
redshift. The combined data from all these studies strongly 
favour passive evolution of the stellar populations of early- 
type cluster galaxies both in surface brightness and mass-to- 
light ratio and a high redshift of formation, z > 2. Further 
support for a high formation epoch for the stellar popula- 
tions in early-type cluster galaxies comes from the modest 
evolution in the Mgj, absorption at a constant velocity dis - 
persion in galaxies out to z — 0.37 (Ziegler & Bender 1997). 



The relatively modest evolution claimed for the early- 
type population in clusters is in strong contrast to the evolu- 
tion seen in the morphological mix in these environments. In 
particu lar, the origin of the well- studied "Butcher-Oemler" 
effect (Butcher & Oemler 1984) in a population of star- 
forming clus ter galaxies with s p iral morphologies is now well 
established ( |Couch et al. 1994 |Couch et al. 1998[ ). More re- 
cently there have been claims of morphological evolution in 
some classes of early-type galaxies in rich clusters. HST im- 
ages have revealed an increasing paucity of SO (lenticular) 
galaxies with redshift (Dressier et al. 1997). While SOs form 
the dominant luminous ga laxy population in local rich clus- 
ters, [Dressier et al. (1997)| found that only 10-20% of bright 
cluster galaxies are SOs in rich clusters at 2; « 0.5. They sug- 
gested that this strong increase to the present-day resulted 
from the gradual transformation of s piral galaxies, accrete d 
from the surrounding field, into SOs (Poggianti et al. 1999). 
If this transformation is relatively rapid, < 2-3 Gyrs, then 
some proportion of the SO population may show signatures 
of this past star formation activity in terms of young stellar 
populations and blue colours. However, low resolution spec- 
troscopic surveys have ty pically failed to fin d large popula- 
tions of bright, blue SOs ( Couch et al. 1998 ). Moreover, the 
SO population as a whole ought to show a wider dispersion in 
age than the cluster ellipticals. However, photometric analy- 
sis of morphologically-classified samples of ellipticals and SOs 



To break the age-met allicity degeneracy a number of 
groups have tried to identify absorption lines which are pre- 
dominantly sensitive to age, e.g. Balmer lines, or which de- 
pend strongly on metallicity^ mostly combinations of metal 
lines, (Jones fc Worthey 1995i; [Casuso et al. 199^ ; [Worthey ^ 
Ottaviani 1997; Vazdekis fc Arimoto 1999| ). Good progress 



has been made and we can now construct line diagnostic 
diagram s in which the age-met allicity degeneracy is n early 



broken (Kuntschner & Davies 1998; j0rgensen 1999). Re- 



cent analysis based on such line indices for the composite SO 
populations in distant clusters have indicated that the stel- 
lar populations in luminous lenticular and elliptical cluster 
galaxies at z = 0.31 have very similar luminosity- weighted 



mean ages (lones. Small & Couch 2000). This suggests that 
a model with a rapid transformation, from star-forming spi- 
ral to passive SO, is unlikely t o be correct and a more gradual 



mechanism rn ay be required ( Poggianti et al. 1999 



Small 200c ) 



Kodama 



Another approach to breaking the age-met allicity de- 
generacy is to use a combination of optical and optical- 
infrared photometry (Aaronson 1978). This approach has 
been used very recently by Small et al. (2001) to study the 
luminosity-weighted ages of early-type galaxies spanning a 
very wide range in luminosity in A 2218. This analysis sug- 
gests that while the most luminous ellipticals and SOs have 
very similar luminosity-weighted ages, the less luminous SOs 
may exhibit a much wider range in ages. Likewise, an inten- 
sive spectroscopic analys is of individual gala xies in the local 



Fornax poor cluster by Kuntschner (2000) has found that 
some of the lower luminosity SO galaxies have extended star 
formation histories, compared to the more luminous ellipti- 
cals and SOs. 

In the light of the discussion above, it is clearly impor- 
tant to apply the detailed spectroscopic techniques to indi- 
vidual galaxies spanning as wide a range in luminosity as 
possible in distant clusters, to study their line strengths and 
kinematics. However, this is very difficult and most previous 
spectroscopic studies have targetted only a modest number 
of typically the more luminous (and hence massive) galaxies 
in each cluster. We have therefore undertaken a programme 
to obtain high-quality spectra of a large number of early- 
type galaxies (of order 50) across a wide range of luminosity 
in two rich clusters A 2218 and A 2390. Both clusters have 
been imaged by HST providing accurate structural param- 
eters. At z — 0.18 and z — 0.23 respectively, the cluster 
galaxies are bright enough to observe even sub-L* systems 
with 4-m class telescopes, while still representing a look- 
back time of around a quarter of the age of the Universe, 
adequate to address evolutionary questions. Both clusters 
are very rich systems and may well serve in the future as 
more suitable benchmarks for the comparison to very rich, 
high redshift clusters {z ~ 1) than Coma. Moreover, compar- 
isons between A 2218 and A 2390 and more distant systems 
also have the advantage that aperture corrections are less 
important than for comparisons based on Coma. 

In this paper, we present the study of galaxies in A 2218. 
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In §2, the observations and the data reduction are described. 
Galaxy scaling relations and line diagnostic diagrams are 
examined in §3, and in §4 we discuss our results and give 
our conclusions in §5. The paper ends with comprehensive 
Appendices listing all our observational data. 

Throughout the paper we adopt the following values 
for the cosmological parameters: Hq — 60kms~^ Mpc~^, 
go = 0.1, A = 0. For the nearby Coma comparison cluster 
(z = 0.024) this results in a distance modulus of dm = 
35.42 mag and for A2218 [z = 0.175) in dm = 40.0mag, a 
scale of 3.51 kpcarcsec^^ and a look-back time of 2.6 Gyrs. 



2 O BSERVATIONS AND DATA REDUCTION 



A 2218 is a very rich cluster at z — 0.18 with a large vel ocity 
dispersion, a = 13701*^^20 kms~^(Le Borgne et al. 1992) and 
a high X-ray luminosity of Lx (0.5-4.4 keV) = 6.5 x 10** 
ergss"^. An HST-hased lensing analysis provides a detailed 
view of the mass distribution within the central 1 Mpc of 
the clust er and indicates a mass of M{r < 400kpc) = 4 x 
1O"M0 dKneib et al. 1996| ). Most interestingly, the lensing 
map identifies two mass concentrations within the core of 
the cluster and led to the suggestion that it is suffering (or 
has just suffered) a core-penetrating merger. 

A 2218 has previously been observed in a Fundamental 
Plane study by j0rgensen et al. (1999, JFHD). They tar- 
getted a sample of 11 early- type galaxies photometrically- 
selected from relatively shallow ground-based imaging. Their 
main conclusion was that both the evolution in luminosity, 
as well as in mass-to-light ratio, is modest an d in agree- 
ment with pa ssive stellar population models (e.g. 
Chariot 199^). 



Bruzual & 



Our study of the early-type galaxy population in A 2218 
is based upon optical photometry from the 5.1-m Hale 
telescope at Palomar Observatory and multi-object spec- 
troscopy using LDSS2 at the 4.2-m William Herschel Tele- 
scope (WHT) on La Palma. In addition, we have exploited 
WFPC2 images taken with HST to provide high-quality 
morphological information for a subset of our sample. We 
next discuss the properties of these various datasets. 



2.1 Hale/COSMIC imaging 

The ground-based UBVI imaging of a 9.7' x 9.7' region 
centered on A 2218 (Fig. Al) used for our initial target se- 



lection was obtained with the COSMIC imaging spectro- 
graph on the 5.1-m Hale telescope at Palomar during June 
1994 and June 1995. A thick 2048^ TEK CCD (pixel scale 
0.286" pixeP^) was used and individual exposures of ~ 500- 
1000 s were taken using in-field dithering (on a grid with 
~ 30" spacing) . The frames were reduced in a standard man- 
ner with IRAF0 using twilight flatfields to initially flatfield 
the frames before masking the brighter objects and stacking 
the data frames to create master flatfields in each fllter. The 
data were then flatfielded using these master frames, aligned 



t IRAF is distributed by the National Optical Astronomy Obser- 
vatories, which are operated by the Association of Universities for 
Research in Astronomy, Inc., under cooperative agreement with 
the National Science Foundation. 



and coadded using a cosmic ray rejection algorithm. The to- 
tal exposure times are 2.5 ks in U, 16.5 ks in B, 5.8 ks in V 
and 21.7 ks in I and the seeing measured on the flnal frames 
was 1.20", 1.25", 2.05" and 0.95" FWHM for UBVI respec- 
tively. Th e frames were ca librated onto the Johnson/Cousins 
system of Landolt (1992) and corrected for reddening calcu- 



lated from the COBS dust maps (Schlegel et al. 1998). We 
estimate E{B — V)— 0.025 leading to extinction coefficients 
for the Landolt filters of Au = 0.136,^3 = 0.108, = 
0.083, ^ii = 0.067,^/ = 0.048 and ^702 = 0.061 for the 
HST/WFPC2 F702W fiher. We determine la limiting sur- 
face brightnesses of fiu = 26.1, fiB = 28.9, fiv ~ 28.0 and 
fii — 27 A mag arcsec"^ for the final ground-based fr ames. 
We used the SExtractor image analysis package ( Berlin 



Arnouts 1996) to create a catalogue of galaxies detected in 



our deep /-band frame. We adopted a minimum area after 
convolution with a 0.86" FWHM top-hat fiher of 0.82 sq. 
arcsec above the = 24.6 mag arcsec"^ isophote. The 
galaxy catalogue created in this way includes positions, to- 
tal magnitudes (mag_best from SExtractor) and crude mor- 
phological information on ~ 2800 stars and galaxies within 
the /-band frame. To calculate colours for these galaxies we 
measured aperture magnitudes within 4.0-" (14kpc) diame- 
ter apertures on the seeing-matched UBVI frames and used 
these to construct {U ~ B), {B ~ V) and {B — /) colours for 
the galaxies. In the Appendix we list the observed colours 
an d co ordinates for the galaxies we obtained spectra for (Ta- 
ble Al). The galaxy identifications are plotted on the full 
field in Fig. [A1| a nd thumbnail images of the 48 galaxies are 
given in Fig. |A2| 

For the Faber-Jackson relation we translate our ob- 
served /-band magnitudes into absolute Gunn r magnitudes, 
'"abs, following the description of JFHD. The transformation 
of / into restframe rrcst can be calculated with: 



rrcst ^ I + 0M2(V - I) + 0.76 



(1) 



Subtracting the distance modulus for A 2218 from rrost then 
yields rabs. We use the extinction-corrected total /-band 
magnitudes {hot) and aperture {V — I) colours in this cal- 
culation. 



2.2 HST/WFPC2 imaging 

In addition to the deep multi-colour ground-based imaging, 
morphological information is also available for a subset of 
the galaxies in our sample. This comes from an HST image 
of A 2218 taken with the WFPC2 camera on September 2, 
1994. The total exposure time was 6.5 ks in the F702W fiher 
{R702) and the final frame covers a field of roughly 2.5' x 2.5' 
at --^ 0.15" resolution in the core of the cluster. These data 

and more 



were reduced and analysed by Kneib et al. (1996) 



details can be found in that work. 

The WFPC2 image has a la surface brightness limit of 
Hr ~ 30 mag pixel" ^, which is more than adequate to pro- 
vide high-quality morphological information on the brighter 
cluster members. Thumbnail images of the 19 galaxies (dis- 
regarding the cD) for which we have spectra are shown in 



Fig. 
Fig. 



B]| and we indicate the position of the HST field on 
m|. The brighter galaxies in the /fST field {Rro2 < 22.5) 
have been visually classified by Prof. W. Couch onto the re- 
vised Hubble sche me used by the MORPHS project (see 
Small et al. (2001)| ). 
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2.2.1 Determination of structural parameters 

To measure the structural parameters of the spectroscopic- 
ally-observed early-type galaxies lying within the HST im- 
age (plus the cD galaxy) we extracted subframes of all 19 

galaxies using midas^ and analysed each galaxy using the 
profile fitting method developed by Saglia et al. (1997a, 
1997b). We briefly summarise this technique here: after 
masking stars and artifacts from around the galaxy, the cir- 
cularly averaged surface brightness profile of the galaxy was 
fitted with PSF-convolved r^^^ and exponential components 
(both simultaneously and separately). The PSF was gen- 
erate d using the tinytim software package (Krist & Hook 
1997). The quality of the fits was assessed by Monte Carlo 



Table 1. Difference between this paper and JFHD. 



simulations, taking into account sky-subtraction corrections, 
signal-to-noise, the radial extent of the profiles and the 
quality of the fit. In this way, we were able to derive the 
effective radius (ve in arcsec), the total _F'702VK-band mag- 
nitude {R702) and the mean surface brightness within re 
((^e)) for the entire galaxy as well as the luminosity and 
scale of the bulge (rnt and r^^b) and disk (m^ and h ) com- 
ponent separa tely, within the limitations described by Saglia 
et al. (1997a). We estimate the average error in R702 and re 
to be 0.015 mag and 25% respectively. The structural pa- 
rameters for all the galaxies can be found in Table Bl of the 
Appendix. 

We also performed an isophote analysis based on the 
procedure introduced by Bender & MoUenhoff (1987). Devi- 



ations from the elliptical isophotes were recorded as a func- 
tion of radius by a Fourier decomposition algorithm. The 
presence and strength of the a4 coefficient (taken as a sig- 
nature of diskyness) is in good agreement with the visually 
determined morphological class of SO and early-type spirals. 

2.2.2 Rest-Frame Surface Brightness Profiles 

In order to determine the rest frame properties of the galax- 
ies, we perform the transformation of the HST magnitudes 
to restframe Gunn rrest as described by JFHD. We summa- 
rize he re the transformations i ntroduced by JFHD: Accord- 
ing to Holtzman et al. (1995), the instrumental magnitude 
in the F702W fiher is: 



i?702 = -2.5 log(DN)/fexp + ZP + 2.5 log(Gi?) 



(2) 



with GR being the respective gain ratios for the WF chips 
and ZP the zeropoint for an exposure time toxp = 1 s. ZP = 



21.670 with consideration of the di fference betwee n 
and "long" exposures of 0.05 mag (Hill ct al. 199 



aperture correction of 0.109 ( Holtzman et al. 19 951 
transformed into Cousins I using the equations 

Rc = R702 + 0.486(V - Rc) - 0.079(V^ - R,f 

and 

(V - Rc) = 0.52 * {V - I) 
which yields: 

/ = R702 - 0.227(1/ - J) - 0.021(1/ - if 



"short" 
and an 
This is 



(3) 



(4) 



(5) 



S ESO-MIDAS, the European Southern Observatory Munich Im- 
age Data Analysis System is developed and maintained by the 
European Southern Observatory. 



parameter 


Ngal 


Difference 


error 


errorjFHD 


-R702 


11 


-0.01±0.12 


0.015 


0.015 


(V-I) 


15 


0.023±0.047 


0.007 


0.025 


rz 


11 


-0.03±0.11 


0.05 


0.05 


logT-e 


11 


0.003±0.071 


0.111 


0.078 


(/^r>e 


11 


-0.00±0.24 


0.25 


0.29 


logo- 


8 


0.06±0.07 


0.020 


0.025 


Errors are estimated total errors (random + 


systematic). 



The {V ~ I) colour was taken from our ground-based aper- 
ture photometry, see Table Al. The 4" photometric aperture 



yields an equivalent area for the distant galaxies to the area 
used in the Coma photometry. Finally, the calibration to 
restframe Gunn rrest is achieved using Equation 1. 

Since the observed F702W passband is close to rest- 
frame Gunn Treat at the redshift of A 2218, the overall k- 
corrections are small. On average -R702 — rreat ~ —0.40. For 
the same reason, the effective radii can be directly compared 
to the ones measured of Coma galaxies in Gunn r. The mean 
surface brightness within re is: 



(/ir 



-f- 2.5 log(27r) + 5 log(re) - 10 log(l + z) (6) 



where the last term corrects for the dimming due to the 
expansion of the Universe. The mean surface brightness in 
units of Lo/pc^ is 



l0g(/>e 



-0.4((^ir)e -26.4) 



(7) 



With an angular distance of A 2218 of d = 683 Mpc for our 
cosmology, the effective radius in kpc is: 



log(i?e) = log(re) + log(d) - 2.314 (i?e iu kpc) 



(8) 



whereas Coma {z = 0.024) has d = 115.7 Mpc. 

Compared to the data given by JFHD, our measure- 
ments are almost identical. For this comparison, we used 
only their _ffST-based sample. There are 15 galaxies in com- 
mon with respect to the structural parameters and the 
largest deviations in (^r)e for these are only 3-6% in four 
galaxies (the cD and #1454, #1552 and #1662). These 
deviations may be due to residual background light from 
nearby bright galaxies (#1552 and #1662 are close to the 
cD, #1454 close to the giant elliptical #1437). For the re- 
mainder of the galaxies we summarize the comparison in 
Table 1^. This table also contains the estimated total (ran- 
dom and systematic) errors of the parameters. While there 
are 15 galaxies between our sample and that from JFHD 
available to compare structural parameters, there are only 
six for which a similar spectroscopic comparison is possible. 

2.3 WHT/LDSS2 multi-object spectroscopy 

2.3.1 Sample Selection 

The aim of the project is to study the stellar populations 
of a large sample of early-type cluster galaxies spanning a 
wide range in luminosity. However, owing to the need for 
good sky subtraction in our spectra we were constrained to 
include only around 20 galaxies in each mask. For this reason 
we took great care to select only galaxies which were likely 
to be cluster members based upon their broad-band colours 
from our ground-based UBVI imaging. 
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14 



16 



20 



22 



Figure 1. The {B — I)— I colour magnitude diagram from our 
Hale imaging for briglit galaxies lying in a 9.7' X 9.7' (2.2 Mpc) 
region centered on A 2218. The sequence of red cluster members 
is readily seen extending down to 7 ~ 22 {Mg ~ —17). The box 
encompasses galaxies matching our selection criteria, while circles 
denote those galaxies which were actually observed. 



Using the existing redshift catalogue for the field ( |Le| 
Borgne et al. 1992), we defined a region in UBVI colour 
space which was occupied by cluster members. Galaxies 
falling outside the colour region, defined as 2.60 < (B — I) < 
3.20, -0.50 <{B-V) < 0.50 and -0.10 < (U - B) < 0.50, 
were rejected (see, e.g. Fig.|l|). The width of this region 



places negligible restrictions on the stellar populations of 
the selected galaxies, but rejects the majority of background 
galaxies. Combined with the richness of the cluster this en- 
sured a high rate of success in targetting cluster members in 
our spectroscopic sample (1 non-member out of 49 targets). 
The colour-selected sample of galaxies includes 138 galaxies 
with /tot < 18.8 (our adopted magnitude limit) within the 
9.7' X 9.7' area covered by the Hale images. 

This catalogue was then used as the input for mask de- 
sign. We prepared two masks containing galaxies with an 
average 7-band surface brightness within the spectroscopic 
slit brighter than fj,i — 19.7 mag arcsec"^. A third mask con- 
tained galaxies as faint as /i/ — 20.2 mag arcsec"^. Dividing 
the galaxies between the masks in this way enabled exposure 
times to be chosen to ensure that similar signal to noise was 
obtained in each spectrum. 

The position angles of the masks were chosen so as to 
maximise the number of galaxies with early-type morpholo- 
gies (E-SO-Sa) selected within the HST field. Galaxies were 
allocated to slits manually. With few exceptions, a mini- 
mum slit length of 15" was used, and the position of the 
slit was also chosen so that fainter companion galaxies did 
not obscure the sky. Occasionally, the choice of either of two 
galaxies made the packing of the mask equally efficient. In 
this situation, we preferred galaxies for which a redshift was 
already known. 



Table 2. Observation of the masks. 
Mask number of galaxies tcxp [hr] 



2.3.2 Observations 



24 
19 
18 



5.50 
4.75 
4.50 



During the nights of June 2-5, 19 97, we obtained multi- 



objec t spectroscopy using LDSS2 ( Allington- Smith et al 



1994|) at the WHT. To obtain high-quality spectra for the 
faint galaxies in A 2218 at z = 0.18, we designed a new 
high dispersion grism optimised for red wavelengths. The 
existing LDSS2 high-dispersion blue grism has relatively 
low throughput in the wavelength range of interest here 
(AA = 6000-7000 A). More critically, the undeviated cen- 
tral wavelength of this grism is 4200A, this severely limits 
the field of view that can be obtained because of the large 
deviation of the redder wavelengths which cause them to fall 
at the extreme edge of the detector. 

The new high-dispersion red grism, R640, consists of a 
600 1/mm, 34°-blaze angle transmission grating coupled to a 
32.7° Schott SFIO high refractive index prism. This combi- 
nation achieves an undeviated central wavelength of 6500A 
allowing the whole of the field-of-view to be used to select 
galaxies. The intrinsic dispersion of the SFIO glass also helps 
boost the dispersion of the grism by r;8% providing a mea- 
sured dispersion of 2.lA per pixel with the SITe CCD (24/.tm 
pixels, spatial resolution 0.59" pixel"^). The peak efficiency 
of the grism, ^ 55%, represents a gain of almost a factor of 
two in the AA = 6000-7000A region over that available from 
the high-dispersion blue grism. 

With a slit width of 1.5" the R640 grism provides a 
limiting spectral resolution element of 4.6A FWHM. This 
allows us to measure velocity dispersions for galaxies as low 
as ~ 120kms~^, at which point, the intrinsic and instru- 
mental broadening of the spectra are equal. Observing with 
the SI 3750 blocking filter the total restframe wavelength 
range covered by the SITe CCD was AA ^ 4900 - 6400A 
encompassing the important absorption lines H7, H/3, Mg;, 
and Fe5270 at the cluster redshift. 

The three masks were observed with total exposure 
times of about 5 hours each (Table^). Of the 61 galaxy 
spectra, 12 galaxies were included on two different masks 
to allow us to check for systematic variations between the 
results from the various masks. There is only one foreground 
galaxy (#2302, only 10,000 km s"^ away from A 2218) which 
demonstrates the efficiency of our sample selection. In total 
therefore we obtained spectra of 48 different cluster galaxies, 
of which 19 lie within the HST image. They were morpho- 
logically classified visually by Prof. W. Couch, who classifies 
them as 8 E, 1 E/SO, 5 SO, 3 SBO/a, 1 Sa, 1 Sab (see Ta- 
ble Bl), hence galaxies with disks make up 50% of our HST 



sample. In addition five of the galaxies outside the //ST field 
have clear evidence for a disk component (see Table CI), but 
the modest seeing (0.95" in 7) of our ground-based images 
prevents us from classifying them in more detail. 
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2.3.3 Reduction and analysis of the spectra 

The spectral reduction was undertaken using MIDAS with 
own FORTRAN routines and followed the standard proce- 
dure, including correction for S-distortions of the spectra 
closest to the edges of the field. The individual 2-d images 
of the slitlets were extracted from the whole frame (after 
bias subtraction) and reduced individually. Dome flat-fields 
were used to correct for pixel-to-pixel variation, cosmic rays 
were removed by a k-ct clipping algorithm with a 5 x 5 
pixel filter and bad columns were cleaned by interpolat- 
ing adjacent columns (there were to 5 bad columns per 
slitlet). The rectification was achieved by tracing the spec- 
tral profiles and then shifting the pixels in the spatial di- 
rection. This transformation was applied in the same man- 
ner to the science, calibration and sky flat images. After 



sky flatl-neldmg, to correct tor dlummation etlects, the spec- 



tra werB waveleiigLli calibrated and Lhe sky was subtracted 
by modeling each CCD column seperately. One-dime nsional 
spec tra were extracted using the Horne-algorithm (Horne 
198e|)7^hich optimally weights the extracted profile to max- 
imise the signal-to-noise. Finally, the one-dimensional spec- 
tra were rebinned to logarithmic wavelength steps in prepa- 
ration for the Fourier Correlation Quotient (FCQ) determi- 
nation of the velocity dispersion and the measurement of 
absorption line strengths. 

Spectra of standard stars were reduced in a similar 
manner. A spectrophotometric flux standard (BD+28 4211) 
was observed through an acquisition star hole in one mask. 
Template G and K giants stars (HD 102494, HD 107328, 
HD 126778, HD 132737 and HD 184275) were observed 
through a longslit using the same grism as for the galax- 
ies. To minimize the effect of the possible variation in slit 
width the star spectra were summed over a small number of 
rows. 

The velocity dispersions (as well as the radial veloci- 
ties) were determined using the latest version of t he FCQ 



pro gram kindly provided by Prof. R. Bender (see Bender 
199Cj)7]rhe wavelength range analyzed (AA = 5943-6279A) 
was centered on the Mgi, feature and lies between two very 
strong telluric emission lines. The resulting dispersions can- 
not be interpreted simply, since the slitlets had small vari- 
ations in width and were therefore not identical in width 
to the longslit. We applied a procedure to corrrect for this. 
FCQ was run on all galaxies to give a crfcq for each of the 
five template stars. Separately we computed the width of the 
auto-correlation function of each star, (Tstar, and added this 
in quadrature to estimate the total line width of the galaxy 
absorption lines using each template 



O"tot 



fcq 



We determined the final value of the stellar velocity disper- 
sion by taking the median value of these five measurements, 
CTtot , and subtracting from it (in quadrature) the instrumen- 
tal dispersion, CTinst i.e. (Jgai = — a\nst^. The instru- 
mental dispersion is determined using eight unblended emis- 
sion lines in the arc spectrum, from the appropriate slitlet, 
to evaluate the width of an arc line at the position of Mg^ 
in the redshift ed g alaxy spectrum. All the values of o-gai are 
given in Table CI together with the heliocentric radial ve- 
locities Wrad. 

For comparison, velocity dispersions of all galaxies of 
one meisk were also measured using the iraf package FX- 
COR yielding an average difference of only 28kms~^. We 



also compare our velocity dispersion results with those of 
early-type galaxies in common with JFHD (see Table|^ . The 
median difference in cTgai is 22kms~^ or 10%. 

The absorption in dices were measured on the Lick sys- 
tem (Faber et al. 1985). Our spectra were first degraded to 
the resolution of the Lick system. The indices were then cor- 
rected for the velocity broadening cTgai (a few example spec- 
tra are shown in Fig. CI). Because the equivalent widths are 



determined with respect to a local continuum, flux calibra- 
tion has little effect on the (atomic) absorption line strengths 
(the average difference in Mg;, for example is — 0.014A, which 
is about 10% of the typical error). Nevertheless, we present 
in Table |ci| the line strengths of H/3 and Mgt measured from 
the fiux-calibrated spectra (values of other indices may be 
requested from the first author) . We calibrated the dat a us- 



ing standard sta rs in common with the EFAR studies (Col 



less et al. 1999). These showed a scatter around zero with 



a = ±0.1 A for Mg6 and hence no recalibration was applied 
to the index strengths to place them on the Lick system. 

The absorption of the iron lines Fe5270 and Fe5335 
could not be derived reliably for the majority of the galaxies 
because the red continuum band of Fe5270 is contaminated 
the [OI] telluric emission fine at A = 6296A. The Fe5335 fine 
is also redshifted into this sky line, so that this absorption 
feature cannot be measured. The same problem also arises 
for the red continuum window of Mg2 . 

From the repeat observation of 12 galaxies on different 
masks we are able to confirm the internal reliability of our 
spectral analysis. As an example we show two independent 
spectra of galaxy #786 in Fig.|^, indicating that the contin- 
uum as well as the H/3 and Mg(, indices are well matched. If 
we take all 12 comparison spectra regardless of their signal- 
to-noise we find median offsets for the H/3 and Mgi, line 
indices and velocity dispersion, cr, at the < 10% level. 



3 THE LOCAL COMPARISON SAMPLE 

3.1 Photometry and Structural Parameters 

The Coma cluster provides a good local reference as it rep- 
resents the best studied rich local cluster, albeit less rich 
than A 2218 . We take data o n e arly-type galaxies in the 



cluster from j0rgensen (1999) and j0rgensen et al. (1995a) 



Their galaxy photometry was taken through the Gunn r fil- 
ter, then corrected for extinction and cosmic expansion. The 
combined sample contains 115 early-type galaxies (35 E, 55 
SO, 25 intermediate types) and is 93 % complete at absolute 
magnitudes Mr < —20.35. 



3.2 Velocity Dispersions 



The spectro scopic data in j0rgensen (1999) and J0rgensen et 
al. (1995b) were aperture corrected by the authors to match 
a circular aperture with radius 1.7". Therefore, we corrected 
our velocity dispersion (cr) determinations by A(log(T) = 
+0.025 to match the Coma aperture. The aperture correc- 
tion was computed from the logarithmic gradient given by 



J0rgensen et al. (1995b) 



^ , /d(A2218) a(A2218)\ 

A log a) = 0.04 • log ( ■ ^— ( 

\ ffl(Coma) a(Coma) J 



(9) 
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Table 3. Comparison between our measurements and JFHD. 



Galaxy 


frad 


"".IPHD 


At) 


O'gal 


''".JPHD 


Ao- 


1293 


47895.8 


47882.5 


13.3 


239.9 


201.4 


38.5 


1343 


50026.9 


49986.2 


40.7 


241.5 


248.3 


-6.8 


1437 


48495.0 


48478.5 


16.5 


248.5 


204.6 


43.8 


1662 


44948.2 


44928.6 


19.5 


364.9 


298.5 


66.4 


1711 


47619.0 


47608.8 


10.2 


203.7 


215.3 


-11.6 


1914 


47555.5 


47534.1 


21.4 


147.4 


162.2 


-14.7 


2076 


49399.4 


49394.3 


5.1 


219.0 


196.8 


22.2 


2604 


49390.2 


49418.9 


-28.8 


187.8 


130.9 


56.8 


Galaxy numbers correspond to 


those in 


Table [ 


5l| Vjad heliocentric ra- 



dial velocity measured by us, «jphd heliocentric radial velocity measured 
by JFHD, Av the diflference between both measurements, a^^i: velocity 
dispersion measured by us and corrected to the same aperture used by 
JFHD, ctjphd: velocity dispersion measured by JFHD, Ac the difference 
between both measurements. All velocities are in kms~^. 
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Figure 2. Lower panel: Flux-calibrated spectra of galaxy #786 observed through two different masks. The spectra have been degraded to 
the Lick resolution and normalized at Mg;,. Index definitions are overplotted as hatched areas (Fe5=Fe5270, Fe6=Fe5335). The continuum 
as well as the H/3 and Mgj, indices are all well matched. Only the Fe5335 index is severely affecte d by two sky emission lines. The lower 
axis represents observed wavelengths, the upper shows restframe wavelengths (in A). (See also Fig. |Cl| ). The abscissa is in counts (1 ADU 
= 1.3e~). Upper panel: ratio of the 2 spectra. 
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where d is the angular distance and a is the aperture radius. 
For our observations a was taken as the harmonic mean of 
the slit width of 1.7" and the weighted number of rows (an 
average of 4.7 pixels, or 2.8") over which the spectra were 
integrated by the Horne algorithm. 



3.3 Line Indices 

The best available sample of line indices for loc al early-type 
galaxies co mes from the SMAC collaboration (Kuntschnei 
et al. 200C). We use this dataset therefore as the primary 



comparison source for our line index analyses. While the 
SMAC sample includes galaxies from lower density regions 
(such as the Virgo cluster), about half of the dataset comes 
from the Coma cluster. We chose not to use line indices 



from ]0rgensen (1999) because the H/3 absorption strengths 
are not compatible with the higher S/N observations of 
Kuntschner et al. (2000) (see Fig. 1 of that paper). 

The Mg equivalent widths of the A 2218 galaxies were 
ap erture corrected according to the same prescription given 
by j0rgensen et al. (1995b) as for the velocity disp ersions. 



For the conversion between Mg2 and Mgt, we follow Ziegler 



& Bender (1997) and adopt a factor of 15. This leads to 
a coefficient of 0.6 (instead of 0.04) in Eq. ^ resulting in 
a mean aperture correction of A(Mgj,) = -I-0.37A for the 
A 2218 galaxies. We did not correct the H/3 line strengths 
for aperture effects since no significa nt radial dependence of 
this index is found in local galaxies ( iMehlert et al. 200(]| ). 



4 RESULTS 

4.1 Comparison with local data 

We begin by explaining the symbols used in the figures on 
which the following discussion is based. In all subsequent 
figures, large symbols are galaxies in A 2218, while small 
boxes represent the local reference sample. Galaxies classi- 
fied morphologically as SO or early-type spiral galaxies (from 
the A 2218 //ST field) as well as five galaxies that clearly ex- 
hibit disks in the ground-based images are shown by filled 
symbols. In Section i.Z , we will divide the full A 2218 sample 
radially into two subsamples with equal numbers of galax- 
ies. The core region (all galaxies within 130" from the cluster 
centre) overlaps with the HST field (providing morpholog- 
ical classifications) and we show these galaxies as circles. 
Galaxies in the outer region (triangles) may contain small 
disks which can not be detected on the ground-based images. 
We fit both the distant and the local sample only within the 
region shown by horizontal and/or vertical dotted lines in 
the plots, which represent the selection boundaries for the 
A 2218 data. 

For linear fits to the relations we use the bisector 
method, which is a combination of two least-square fits with 
the dependent and independent variable interchanged. Er- 
rors on the bisector fits were determined by bootstrap re- 
sampling the data 100 times. The shaded area in each figure 
illustrates the possible slopes within the ±lcr bounds on the 
mean slope of the A 2218 sample, whereas the two solid lines 
indicate the same range for the local comparison data. All 
fit results are given in Table Dl in the Appendix. 



4-1.1 Faber- Jacks on relation 

The Faber-Jackson relation in A 2218 is compared to the 
Coma sample of j0rgensen et al. (1995b) in Fig.0. Due to the 
lookback time to A 2218, we should expect galaxies in this 
cluster to be brighter than their counterparts in Coma at a 
given velocity dispersion. If we assume that cluster galax- 
ies are formed at Zf = 2, pa ssive evolution would in crease 
their brightness by 0.19 mag ( Bruzual fc Chariot 1993| ). The 



observed change in absolute magnitude is 0.30 ± 0.09 mag, 
which is compatible with the theoretical prediction. 

With 48 galaxies in A 2218 covering velocity dispersions 
down to 105kms~^, we are also able to investigate the evo- 
lution in the slope of the FJR. The slope of the Coma data 
is steeper than that in A 2218 (a difference of 1.7 ± 1.1) 
but the offset has low statistical significance, and depends 
on the boundaries used to define the Coma galaxy sample. 
Thus there is only weak evidence from this plot for difl^eren- 
tial evolution of massive and less-massive early-type galax- 
ies. It is worth noting, however, that the A 2218 data may 
also have larger scatter than that of the Coma sample. This 
may indicate a wider range of recent star formation histories 
of galaxies in the A 2218 cluster, an issue to which we will 
return in the following sections. 

Looking at the individual galaxies in A 2218, one in par- 
ticular stands out: ^^1662 (marked with a cross in Fig. 
This galaxy has a higher velocity dispersion than the cD 
galaxy (as measured by JFHD), it is located close to the cD 
and shows moderately high ellipticity, a positive a4 coeffi- 
cient and some asymmetry in the HST image (see Fig. Bl). 



We confirmed that there was no other galaxies on the slit 
and splitting the spectroscopic exposures into two indepen- 
dent halves we find roughly equal and high ct's. The origin of 
this galaxy is puzzling: it could perhaps be the stripped core 
of a massive galaxy, although it is hard to understand why 
the parent galaxy would have been susceptible to stripping 
if it were as large as suggested by the dispersion. 



4-1.2 Line index analysis 

Overall, the distribution of A 2218 galaxies in the Mgi,-(T 
plane is quite similar to that of local early-type galaxies 
in the SMAC sample (see Fig. ^) . However, two galaxies in 
A 2218 (#299 and #665) stand out as peculiar, having low 
Mgi, line strengths for their cr's. #299 has a strong H/3 ab- 
sorption so that it may be a post-starburst (k-f a or E+A) 
galaxy, while #665 has an average H/3 value. It is not pos- 
sible to detect any stellar disk in either #299 or #665 in 
the ground-based images, but both galaxies are very blue in 
{U — V) compared to the luminosity-corrected mean colour- 
magnitude relation of the total sample (this is also true for 
#704 and #1605 which have high H/3 absorption) perhaps 
indicating some recent star formation activity. The galax 
with the highest cr (#1662, marked with a cross in Fig, 
has a Mgi, line strength which is compatible with the Mg^-o- 
relation of the other A 2218 galaxies. 

Whether or not we excluded the galaxies #299 and 
#665 from the bootstrap bisector fits, the slopes for the 
A 2218 and local samples are consistent (Aslope = 0.18 ± 
0.58 with these galaxies included; Aslope = —0.26 ± 0.48 
with these galaxies excluded). The offset between the two 
samples is more dependent on whether these galaxies are 
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Figure 3. The Faber— Jackson relation (velocity dispersion versus total restframe Gunn r magnitude) for the galaxies in A 2218 (large 
symbols), compared to Coma early-type galaxies (small open boxes; j0rgensen et al. 1995, 1999). Hashed area: fits to the distant FJR 
(within ilcr), open area: fits to the local FJR within selection boundaries of the distant sample (dotted lines). 



included, since they tend to reduce the average Mgt, absorp- 
tion (Azp = —0.061 ± O.O74A with the galaxies included; 
Azp = -0.004 ± O.O72A with the galaxies excluded). 



We can compare this shift with that expected due to 
the passive evolution of the galaxy population by adopt- 
ing a formation redshift. For Zf = 2, we expect a change 
Azp = — O. I9A (assuming a typica l [Fe/H] of 0.25 for the 
sample, see ^iegler fc Bender 1997). Since we see a signif- 



icantly smaller offset, the average galaxy must have been 
formed at a considerably earlier time. However, if we ex- 
clude the galaxies #299 and #665 we may well be removing 
exactly those galaxies which are showing evolutionary differ- 
ences. Including these galaxies and allowing for a systematic 
offset of 0.1 in the relative calibration of the spectral index 



would reduce the difference to within the statistical uncer- 
tainty of our fiducial model. 

Since the H/3 line index is more age sensitive, but 
less dependent on metallicity than Mgj,, we explore the 
age/metallicity spread of the A 2218 galaxies in more detail 
in Figs. ^ and ^. The distribution within the H/3-(t plane is 
broad. In particular, the large scatter of the fainter galax- 
ies in H/9 indicates a wide range of star formation histories. 
The more massive galaxies in A 2218 have on average higher 
H/3 absorption than galaxies in the SMAC sample with the 
same velocity dispersion. This is illustrated in Figs.^ by 
calculating the median H/3 aborption in five bins (medians 
for each sample are indicated by solid and dotted horizon- 
tal bars respectively in Fig.^). Although there is a trend 
for Hf5 to increase with decreasing velocity dispersion, this 
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Figure 4. Mgb-cr relation of A 2218 compared to the SMAC sample (small filled boxes). Symbols and lines as in Fig.g| The arrow in 
the lower right corner shows the aperture correction applied to the measured cr and Mg;, of the distant galaxies, the cross represents the 
median errors for the SMAC data (Kuntschner et al. 2000). 



effect is complicated by the systematic variation in metal 
abundance with velocity dispersion. We return to this issue 
below, and firstly concentrate on the offset of the brighter 
galaxies. Comparing the four brightest bins, the offset is 
« 0.35 ± O.lA. We are confident that this systematic offset 
cannot be produced by calibration errors since our system- 
atic errors are less than O.lA. 

In order to interpret this difference, we compare the 
absolute values of the H/3 index with the Worthey model 
(1994), and also in a relative sense only. The absolute val- 
ues of the index suggests that galaxies in the SMAC sample 
have luminosity weighted ages for their stellar populations 
of 8Gyr, hile A 2218 galaxies are much younger, with lumi- 
nosity weighted ages of only 4Gyr (compare with Fig.|^. 
However, the absolute calibration of the model is uncertain. 



A more reliable approach is to compare the difference in 
absorption line strength with that expected from the differ- 
ence in lookback time. The expected difference in H/3 line 
strength for a single population formed at Zf =2, observed 
at z = 0.17 and the present day is 0.14 A. This is less than 
the observed shift, although the two values could be rec- 
onciled if we include both the maximum systematic uncer- 
tainty of O.lA in the index calibration and the statistical 
uncertainty. Nevertheless, it is interesting to note that the 
pressure from the H/3 index is to introduce more recent star 
formation, while the pressure from the Mgi, observations is 
to make the galaxies older. It is unlikely that this conflict 
arises from our use of a single age stellar population to inter- 
pret the differences as the intermediate age population will 
have similar effects on both indices. 
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Figure 5. The distribution of the H/3 Hne indices of the A 2218 early— type galaxies compared to SMAC. Symbols as in Fig 
horizontal solid lines: median value of H/3 for specific cr bins for A 2218; horizontal dotted lines; same for SMAC. 



Short 



Exploring the distribution of A 2218 galaxies between 
age and metallicity using line diagnostic diagrams has the 
advantage over the Mgi,-o" and H/3-cr diagrams, in that it 
does not rely on assuming a universal metal abundance - ve- 
locity dispersion relation before we can extract any informa- 
tion on the ages of the stellar populations. We use the Mg;,- 
H/3 diagram, Fig. ^, rather than the combined [MgFe] index, 
because we were unable to derive reliable Fe indices for all 
our galaxies. The Mgi,-H/9 correlation has the drawback that 
the models based on solar abundance ratios do not match 



the Mg/Fe ratio observed in early- type galaxies (Thomas et 
al. 1999). However, we are primarily interested in the relative 
ages of galaxies, so we can apply an empirical relationship 
betwee n Mgb and [MgFe ] from the SMAC data to the model 



grid of [Worthey (1994)| : Mg6 = [MgFe]*1.58 - 1.20, to trans- 
form it to the relevant observables. While ages derived from 
this grid are clearly uncertain in an absolute sense, this ap- 
proach allows us to quantify the relative offsets between the 
data. 

The bulk of the A 2218 galaxy population show sys- 
tematically younger ages at a fixed metallicity compared to 
the SMAC galaxies (Fig.^). This contributes to a deficit of 
A 2218 galaxies in the lower right-hand corner of the plot 



compared to the SMAC sample. There is also a systematic 
shift between the two samples that is driven by the H/3 in- 
dex. The magnitude of the offset is larger than that ex- 
pected for the look-back time to A 2218 if the galaxies form 
all their stars at redshifts above 2, as we have discussed 
previously. Since the velocity dispersions of the galaxies are 
not directly visible in this diagram, the comparison suggests 
that the evolution of Mgi, and H/3 are consistent; it only be- 
comes evident from comparing the distribution of galaxies 
in Figures ^ and ^ that the SMAC sample contains a higher 
proportion of high velocity dispersion galaxies. Thus, while 
galaxies in A 2218 occupy a large region of the available pa- 
rameter space in Fig.^ and appear to be more diverse than 
the SMAC population, the result is not conclusive because 
low a galaxies, which in general show a wider range in H/3, 
are under-represented in the SMAC sample. 

A few galaxies in A 2218 are exceptions to the general 
distribution, having H/3 as low as galaxies in the SMAC 
dataset. We have searched for emission in these galaxies, 
which might fill-in the H/3 line, but find none. In contrast, 
galaxy #2304 has very strong Balmer absorption in H/3 and 
also in the H7 and H7A indices. This galaxy has clearly 
undergone a starburst in the recent past, and is an example 
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Figure 6. Age — metallicity diagnostic diagram using H/3 as a primary age indicator and Mgj, as a metallicity indicator. Big symbols: 
A 2218, small filled boxes: SMAC sample (Kuntschner et al. 2000, typical errorbar shown). Overplotted is a grid of SSP models from 
Worthey (1994) shifted as described in the text. "Horizontal" lines follow constant age, "vertical" lines constant metallicity. 



of the post-starburst galaxies frequently identif ied in lower- 
resolution studies of more distant clusters (e.g. Poggianti et 
al. 199^). 



4-1.3 Fundamental Plane 

Another probe of the star formation histories of galaxies is 
the stellar mass-to-light ratio. We can investigate the Fun- 
damental Plane (FP) of A 2218, restricting the analysis to 
those galaxies within the HST field where accurate measure- 
ments of the structural parameters are possible. In Fig.^ 
we present the FP and compare the distant galaxies to the 
Coma sample of J0rgensen et al. (1995a, 1996). The scatter 
around the FP of A 2218 is with 0.108 in log(7?e). This is 
very similar to the scatter seen in Coma, 0.096, as is the dis- 



tribution of the galaxies across the surface of the plane (inset 
panel in Fig.^. The average brightening of the A 2218 early- 
type galaxies can be investigated by assuming that there is 
no evolution in the structure of the galaxies (i.e. and a 
remain fixed). In this case the evolution of the zero-point of 
the relation measures the increase in brightness. The zero- 
point offset is 0.067 ± 0.023 mag, consistent with a 2/ = 2 
passive evolution model which predicts a shift of 0.10 mag. 

To cast this discussion in terms of mass-to-light ratios 
(Fig.^ we calculated the masses of the galaxies following 

JFHD: M = 57?eO-VG, based on [Bender et al. (1992)| . |^ 



^ For the absolute magnitude in Gunn r of the Sun, we take 
Mr,o = 4.87 mag which was derived from My^o = 5.72 and {V — 
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Figure 7. The Fundamental Plane of A 2218 early-type galaxies (big symbols) compared to Coma (small open boxes, j0rgensen et 
al. 1995a; j0rgensen 1999 ). Lines as in Fig. ^. The HST F702W photometry was transformed to restframe Gunn r^est magnitudes as 
described in Section 2.2.2 The full diagram shows the edge-on view, while the inset shows the FP face-on (using the same symbols). The 
abscissa is (2.21 log(i?e) - 0.82 log(/)e -|- 1.24 log (t)/2.66, ordinate (1.24 log{/>e -1-0.82 log o-)/1.49. The dotted line indicates the "exclusion 
zone" for nearby galaxies, the dashed line the magnitude completeness limit for the Coma sample. 



We limited the Coma sample to galaxies with logo- > 2.02 
(dotted line in Fig.|^ in order to match the area of param- 
eter space covered by the A 2218 galaxies. The bootstrap 
bisector fits to M/L = aa"^ show compatible M/L slopes 
(Am = 0.34 ±0.20) but a systematic offset in the zero point 
of the relation, Aa = 0.080 ± 0.026. This is consistent with 
the expected change due to passive evolution: Aa = 0.12. 

In their M/L analysis, JFHD find a substantial evolu- 
tion in the slope of this relation. While their Coma value 
(m = 0.66 ± 0.13) is much flatter than the slope for their 



R)o = 0.52 dSchaifers et al. 1 
R + 0.41 + 0.21(V - R) (|Kcnt 1985|) 



and the transformation 



five intermediate redshift clusters (m = 1.49±0.29 including 
A 2218), the slopes we determine for Coma and A 2218 are 
both compatible (and similar to that found for their inter- 
mediate redshift clusters by JFHD). The difference between 
our estimate of the Coma slope and that from JFHD must 
result from the different fitting methods applied, in partic- 
ular our exclusion of the lowest velocity dispersion galaxies. 

Finally, we note that we have searched for a trend in H/3 
line strength with M/L, but did not find one. Thus the naive 
expectation that a recent star formation event would equally 
effect a galaxy's brightness and its Balmer line strength is 
not apparent in our dataset. 
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Figure 8. The mass-to-light ratio versus velocity dispersion. Symbols as in Fig.|^. Hashed area: fits to the A 2218 galaxies (within ztlcr), 
open area: fits to the Coma sample within selection boundaries of the distant sample (dotted line). 



4- 1-4 Summary and Discussion 

The overall result from the comparison of bright galaxies 
in A 2218 and the local reference cluster, Coma, is that the 
galaxy population has evolved little between z = 0.18 and 
the present-day. This is consistent with an early formation 
epoch for the bulk of their stellar populations. The distribu- 
tion of the galaxies in the Mgt-a plane and on the Faber- 
Jackson relation is almost identical in the two clusters. Weak 
evolution of bright galaxies in clusters sets strong limits on 
their formation epoch, as has been discussed extensively for 



the Mg-cr relation (Ziegler 



men tal Plane at intermedi ate redshifts (e . g , 



Bender et 


al. 


~ 1 (e.g. 


van 



199^; J ^rgensen et al. 1999 ). and even out to z 
Dokkum et al. 1998b). The changes we see in the dynam- 
ical relations for bright galaxies reinforces the conclusions 
of these authors. However, we are also in a position to ad- 



dress the ages of stellar populations directly using the age 
sensitive H/3 line index. 

In the H/3-(T diagram (Fig ^), the distant galaxies cover 
a wide range in H/3, indicative of differences in the stellar 
populations. The low-dispersion galaxies have the greatest 
range of H/3 line strengths. Some of these galaxies clearly 
had extended star formation activity at a low level, or re- 
cent episodes of minor star formation involving a few per 
cent of the total mass. Although the expected increase in 
luminosity is less visible in the FJ and FP r elations, this is 
in line with the study of Ziegler et al. (1999). These authors 
have investigated the Kormendy relation (the photometric 
projection of the FP) of five distant clusters and concluded 
that current accuracy of photometric data (even from HST) 
is not high enough to exclude low-level star formation activ- 
ity in early-type galaxies. 
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Comparing the H/3-Mgi, measurements to models, 
we find that the bulk of A 2218 galaxies have younger 
luminosity-weighted ages than nearby galaxies, as expected 
from the look-back time to z = 0.18. The lower luminosity 
galaxies exhibit a wider range of stellar ages and metallici- 
ties. This tendency for lower luminosity galaxies to be less 
homogeneous is consistent with the expectatio n of models 
of t he Butcher-Oemler effec t in distant clusters ( Small et aL| 
199 ^; |F|oKgianti et al. l"999| ; |Kodama fc Bower 200q ; f,mai\ 
et al. In the scenarios presented by these authors. 



and SO sample finds a steep er s lope for the SO galaxies, but 
at the ~ lo level (see Table Dl). There is no significant dif- 



the blu e, star-forming galaxies responsible for the Butcher- 



Oemler effect are expected to undergo significant fading of 
their stellar populations when star formation ceases, as well 
as perhaps suffering more active str ipping of stars by dy 



namica l processe s within the clusters (Small et al. 1998; Pog- 



gianti e; al. 1999). For these reasons the evolved descendents 
of the Butcher-Oemler galaxies will on average be found in 
the lower luminosity galaxy population at lower redshifts. 
Equivalently, the lower luminosity galaxies will show a wider 
range in their previous star formation histories and our ob- 
servations tend to support this suggestion. 

4.2 E vs SO Comparison 

Base d on morphologies deter mined from //S'r/WFPC2 im- 



ages. Dressier et al. (1997) have shown that distant rich 
clusters contain a greater fraction of spiral galaxies, and a 
correspondingly smaller fraction of SO galaxies, than similar 
local clusters. Over the redshift range 0-0.5, the SO frac- 
tion decreases from 60% locally to 10-20% in the higher 
redshift clusters. In contrast, it appears that the elliptical 
galaxy fraction remained relatively constant over the last 
5 Gyrs. The different evolutionary histories of these popula- 
tions might be detectable at 2 f» 0.2, even though the prop- 
erties of E an d SO galaxies are v ery similar in the nearby 



Universe ( e.g. Bender et al. 1992 



Bender et al. 1993 



et al. 199S ). In an atte mpt to uncover such evidence, |Jones 



paglia 
|Jones, 



3mail fc Couch (2000) have analysed the combined spectra 
of E and SO galaxies in three clusters aX z = 0.31. Surpris- 
ingly they found no significant difference between the stellar 
populations in the two classes of galaxies. We repeat this 
test here, exploiting the fact that our spectra have higher 
signal-to-noise allowing us to search for differences between 
individual galaxies, rather than having to look at the aver- 
age galaxy population. 

In Figs. 3-8, we have distinguished between elliptical 
galaxies and those that have been morphologically classi- 
fied as SO or early-type spirals from the HST imaging (see 
Table Bl) or which show a strong disk component clearly 
visible in the ground-based images (see Table CI). We will 
now discuss the differences between these two populations 
(in the following refered to as 'ellipticals' or Es and 'lentic- 
ulars' or SOs, respectively) as exhibited in those figures. 

4.2.1 Faher- Jackson relation 

We begin by comparing the FJR (Fig.^. Since the E and 
SO sub-samples have similar distributions in log cr, the two- 
dimensional Kolmogorov-Smirnov test provides a good mea- 
sure of the consistency of the two populations. Applying the 
KS test yields a probability of p = 0.66 that the two dis- 
tributions are similar. The bootstrap bisector fits to the E 



ference in the overall distribution of the two classes. Models 
in which most of the SO galaxies are produced by major 
mergers involving starbursts in the recent past are incon- 
sistent with these observations since they predict that the 
merger remnant will have a higher blue luminosity up to sev- 
eral Gyrs after the burst event and have an increased o as 
well. In contrast, the data are compatible with less-extreme 
truncation models in which the cluster envirom nent sup- 
presses star formation rate in normal spirals (e.g. 



al. 198C; Poggianti et al. 1999; Balogh et al. 1999) 



Larson et 



4.2.2 Line Index Analysis 

The distributions of E and SO galaxies in A 2218 also ap- 
pear very similar in the Mgt, -cr diagram (Fig.^. A KS test 
finds no significant differences (p — 0.61), and the bootstrap 
bisector fits are compatible (Table Dl). This remains true 
even if the sample is restricted to HST classifications. We 
see a similar picture in the Mgj,-H/3 diagram (Fig.^. The 
galaxies with strong disks in A 2218 are again distributed 
similarly to those galaxies without disks (KS: p — 0.62). 

Our analysis of the individual galaxies in A 2218 sup- 
ports the results for the stellar populations in the composite, 
lumi nous elliptical and SO populatio ns in clusters at z — 0.31 
from Jones, Small & Couch (2000). In both cases there ap- 
pears to be little evidence for differences between the stel- 
lar populations of the two samples. This points to a com- 
mon formation epoch for the bulk of the stars in most of 
the early-type galaxies in A 2218. Naively this appears to 
be at odds with the stro ng morphological evol ution of clus- 
ter galaxies reported by Dressier et al. (1997)| . But the two 
findings can be reconciled with each other if the suggested 
transformation from spirals to lenticulars does not involve 
significant new star formation. The line indices are clearly 
sensitive to both the strength of any past star formation 
event and the time which has elapsed since the last star for- 
mation. Any model for the formation of SO galaxies which 
predicts a low enough ratio of these two param eters is viable 
([Poggianti et al. 1999|; [Kodama fc Small 2000|). 



4.2.3 Fundamental Plane 

The HST sample of twenty A 2218 galaxies is split mor- 
phologically nearly evenly between elliptical and early-type 
disk galaxies (see Section 2.3.2). These two subsamples are 



equally distributed across the surface of the plane so that the 
edge-on projection can be used to reliably compare their stel- 
lar populations. Both subsamples have lower scatters than 
the combined sample: 0.077 in log re for the 9 Es and 0.091 
for the 11 SOs, compared to 0.108 for all galaxies. The lentic- 
ulars lie predominantly below the E galaxies with an average 
offset of 0.11±0.05 for almost identical slopes. However, this 
need not reflect an evolut ionary trend in the stellar popula- 
tions of E vs SO galaxies. Saglia et al. (1993) have reported 



a similar offset in galaxies in local clusters. The offset may 
simply be caused by the way Re and {7)e are interrelated, 
resulting in a slightly higher surface brightness for the disk 
galaxies at a given certain velocity dispersion and effective 
radius. 
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4-2.4 Discussion 



4.3.1 Faber- Jacks on relation 



At low redshift, E and SO galaxies have similar stellar popu- 
lations (e.g. Bender et al. 1992, 1993) with only the highest 
signal-to-noise ratio line index analyses begining to show a 
distinction in the star formation histories of the two types. 
For example, Kuntschner (2000) found that the faint SO in 



the Fornax cluster tended to have younger ages relative to 
the (typically more luminous) elliptical galaxies in the clus- 
ter. However, these differences might reflect the mass depen- 
dence of star formation history since the majority of the SO 
galaxies in Kuntschner's sample were systematically fainter 
than the Fornax ellipticals. The two brightest and most mas- 
sive SO galaxies were found to have similar star formation 
histories to the ellipticals. 

At intermediate reshift we should expect the differences 
between E and SO galaxies to become more apparent, par- 
ticularly if the morphological mix of t he cluster populatio n 
evolves rapidly with look-back time (Dressier et al. 1997). 
However, our data suggest that the stellar populations in el- 
lipticals and lenticulars are very similar on average, although 
individual galaxies introduce large variations in galaxy prop- 
erties of both E and SO populations. There is little systematic 
difference between the two samples in the H/3 line index di- 
agram or around the Mgt-a relation. In terms of the line 
index analysis both E and SO galaxies exhibit a similarly 
large range of ages. In our sample these galaxies span a sim- 
ilar range of velocity dispersion, so that the importance of 
mass and morphology can be distinguished; velocity disper- 
sion (or mass) seems to play a much more prominent role 
in determining the stellar population of a galaxy than mor- 
phology alone. 

Although ellipticals and lenticulars are similarly dis- 
tributed within the Fundamental Plane, the smaller SO 
galaxies with lower velocity dispersions are slightly offset 
from the average edge-on FP and have smaller M/L values 
than the bulk of the ellipticals. This may arise from either 
a somewhat increased luminosity (although the line index 
analysis seems to preclude this) or from differences in the 
dynamics which would produce a different relationship be- 
tween mass, a and Re for ellipticals and SOs. 



4.3 Radial Dependence 

Several authors have reported variations in the properties 
of cluster galaxies with their distance from the cl uste r core 



Abraham et al. (1996)| , [van Dokkum et al. (1998a) 



and Pimb- 



blet et al. (2001) have found a radial dependence of the 



colour-magnitude relation. Clearly, such studies need to be 
carefully controlled in order to take into account the density- 
morphology relat ion that is well kno wn in both local and 
distant clusters (Dressier et al. 1997). In order to explore 
any dependence on cluster radius within our dataset, we 
subdivide our sample into two radial bins (at r = 130"), 
such that they contain equal numbers of galaxies. The av- 
erage projected radius of galaxies in the outer bin is 230" 
(805 kpc) compared with 70" (245 kpc) for galax;ies in the 
core region. 



The central and outer galaxies have differing mean velocity 
dispersions (log a = 2.30 and 2.17 respectively) and hence 
the two dimensional KS test is not the appropriate statistical 
method to compare these subsamples. Therefore, we restrict 
our comparison to the bootstrap bisector fits. The slope for 
the galaxies in the outskirts is shallower than the one for the 
core galaxies (A(slope)= 1.16 ± 1.17), but not significantly. 
The difference in mean luminosity is negligible. 



4.3.2 Line index anlaysis 

We find that the inner and outer subsamples are equally dis- 
tributed around the Mgt -cr fit (A(slope)= 0.35 ±0.77). The 
median values of the two datasets fall within the range of fits 
for the joint sample in Fig. ^ revealing again the universality 
of the Mg(,-(j relation. 

The bulk of the core galaxies occupy a small region 
within the Mgi,-H/3 plane, corresponding to a relative nar- 
row range of model ages and metallicities, with the remain- 
der spread over a wider region of the plane. The galaxies 
located in the outskirts of the cluster, on the other hand, 
show a larger spread with both high and low H/3 values and 
lower Mgt, line strengths (Fig.|^. Due to the systematic dif- 
ference in velocity dispersion it is hard to directly compare 
the distribution on a statistical basis. 



4.3.3 Discussion 



Abraham et ai. (199ti) have analysed the colours of galax- 
ies in the A 2390 cluster. They found a systematic trend in 
the colour-magnitude relation for galaxies to become bluer 
in the outer parts of the cluster, outside « 1 Mpc (see also 
Pimbblet et al. 2001). They interpreted this as a gradient 



in the age of the early-type galax ies in the cluster. Sim- 



ilarly, van Dokkum et al. (1998a), studied the colours of 



disky galaxies in the 2 = 0.33 cluster CI 1358-f 62 and re- 
ported a tendency for disky galaxies to have increasingly 
younger ages beyond a radius of O.Th'^Q Mpc. 

However, the change in the colours of galaxies with 
radial distance might well be driven by the morphology- 
density relation: at larger radius a greater fraction of the 
galaxy population will be late-type spirals, and it may be 
this (rather than a bluing of the colours of galaxies of a par- 
tic ular morphology) that drives the radial dependence seen 



by van Dokkum et al. (1998a). At some level, the differ- 
ence between a disky, but bulge-strong galaxy (e.g. Sa) and 
a "pure" lenticular is unimportant. For instance, if we are 
testing the formation and evolution of the stellar popula- 
tion. However, the morphological information can be used 
to tie together galaxies in a likely evolutionary sequence, 
for example linking spiral galaxies in the outer parts of the 
cluster to the formation of SO galaxies. 

In our study we sample galaxies over a similar radius to 
the colour-based work, although good morphological imag- 
ing is only available for the core region. Overall there ap- 
pears to be little difference between the radial subsamples, 
with both outer and inner region having galaxies with a wide 
range of stellar ages in the H/3 diagram, for example. Thus 
old galaxies seem to be distributed throughout the cluster 
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and not limited only to the centre. These results are inconsis- 
tent with a simple model in which the cluster grows a series 
of onion shells, with the oldest galaxies being confined to the 
most bound orbits, and the most recently accreted galaxies 
are confined to orbits which tend to keep them away from 
the core. However, numerical simlations have shown that 
this picture is naive and that cluster populations become 
mixed qui te effectively over a period of only a few dynami- 
cal times (Balogh et al. 1999), particularly if the cluster goes 



through a significant merging event. Thus the infall model 
cannot be ruled out by this study due to the limited range of 
radii that we have covered. In order to make a definitive test 
of this model, spectra will need to be obtained for galaxies 
out to 2-3 virial radii. 



5 SUMMARY AND CONCLUSIONS 

We have found: 

• The FJ and Mg-cr relations have similar slopes to those 
seen in Coma. The offset between the relations is small but 
is consistent with the difference in look-back time between 
the clusters if the light of the galaxies are dominated by 
stars formed at Zf > 2. 

• The age-sensitive H/3 index provides an alternative 
means to compare the stellar populations of galaxies in 
A 2218 with local systems. We find larger differences than 
for the FJ and Mg-a relations, implying contamination by 
more recent star formation in some galaxies. 

• The H/3 index also shows a large variation between 
galaxies, with both E and SO galaxies spanning a wide range 
in line strengths. The youngest galaxies are usually systems 
with lower velocity dispersion. 

• The distribution of E and SO galaxies in age and metal- 
licity as seen in the Mgi,-H/3 diagram is quite similar. Thus, 
SO galaxies are not restricted to young ages and/or high 
metallicities. This suggests that higher metallicities and 
younger ages are not necessarily conspiring to produce the 
small scatter observed in color-magnitude and FP relat ions 
of early- type galaxies as was suggested by Frager (1997) and 
others. 

• The M/L ratios derived from the Fundamental Plane 
have a somewhat steeper slope in A 2218 than the Coma 
cluster, although the effect is weaker than that seen in a 
composite of intermediate redshift clusters by JFHD. The 
increase in the slope of the relation is primarily driven by 
the disk-type galaxies in A 2218, a morphological distinction 
that is not apparent in the line index diagrams. 

• Galaxies in both the central and outer samples span a 
wide range in ages, showing that the stellar populations are 
not well correlated with radius. We will revisit this point in 
our next paper. 

These results agree well with the analysis of deep optical 
and infrared photometry of this cluster presented in ^mai] 



et al. (2001). Both studies find that the overall evolution of 
the population is consistent with passive stellar evolution, 
but that faint galaxies show substantially greater diversity in 
their star formation histories than their bright counterparts. 

Our current approach of looking at the stellar popu- 
lations of intermediate redshift clusters in detail is directly 
complimentary to the approach taken by Small et al. (1998) 



[Kodama fc Bower" (2000)1 and others, of linking together the 
galaxy populations of clusters at different redshifts in an 
evolutionary sequence. A consensus model is emerging from 
these studies in which galaxies are continually accreted from 
the surrounding field, their star formation is strongly sup- 
pressed by the cluster and their stellar populations generally 
age following passive evolutionary tracks. 

The diversity of galaxy ages that we have found in this 
paper arises naturally in such a model. However, the model 
needs to be developed to account for two features seen in our 
data. Firstly, the younger galaxies are not uniquely disk (SO) 
systems, suggesting that the cluster environment must dis- 
rupt the disk of the infalling galaxies as well as suppressing 
star formation. Secondly, old stellar populations dominate in 
brighter galaxies, suggesting that most of the stars in bright 
galaxies were already in place at z S> 1 (although not neces- 
sarily in a single system): the model must explain why the 
star formation histories of bright and faint galaxies differ. 
The key issue is whether the same star formation histories 
(and their dependence on galaxy mass) hold in groups and 
lower mass clusters. By investigating a much wider range of 
environments, we will gain insight into the decline of star for- 
mation in clusters, probing whether it is driven by a cluster- 
specific mechanism (such as ram-pres sure stripping, see e.g. 

Quilis et al. 2000) or due to the decline 



Abadi et al. 1999 



in the gas reservoir available to galaxies in the Universe as 
a whole. 

We have carried out a similar study to this paper in the 
cluster Abell2390 {z = 0.23). Since A 2218 is at a similar 
redshift and both clusters have high X-ray luminosities, we 
will intercompare these two clusters in a forthcoming paper. 
For this purpose, we have also expanded our fiducial cos- 
mological model and will present combined analyses of line 
strength and mass-to-light ratio measurements which at- 
tempt to be more independent of such models. Moreover, to 
further increase the number of cluster galaxies with accurate 
morphological and structural parameters we will utilize the 
recently completed wide-field mosaic taken by //Sr/WFPC2 
of A 2218. Combining this with our panoramic spectroscopy 
will yield one of the largest samples for studies of the evo- 
lution of the Fundamental Plane. This will allow us to also 
explore how the large scatter seen in H/9 line strengths for 
galaxies with low velocity dispersions propagates into the 
Fundamental Plane. 
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Figu re; A 1 . /-band image of the cluster A 2218 taken with the 5.1-m Hale telescope. The labels correspond to the galaxy numbers of 
North is up and East to the left. Coordinates are distance from the central galaxy in arcseconds. The HST field-of-view is 



Table Al 



indicated as well. 



APPENDIX A: GROUND-BASED PHOTOMETRIC DATA 
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Place Fig. mosaic_p200.jpg here. 
Place Fig. mosaic_p200b.jpg here. 

Figure A2. 20" X 20" sections from the Hale /-band images of each of the spectroscopically confirmed cluster members in our sample. 
These panels have North top and East left and the cont ours are in 0.5 mag increments with the faintest contour being fij = 21.5 mag 
arcsec"^. The labels give the galaxy ID as listed in Tabic |ai] and where available the morphology from the HST image. 
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Table Al. 

ID R.A. 



Dec. 



(J2000) 



208 


16 3519 


89 


+66 0741 


5 


17 


224 


21 


431±0 


053 


21 


031+0 


004 


19 


611+0 


003 


17 


832+0 


002 


299 


16 35 23 


91 


+66 08 05 


9 


17 


128 


20 


715±0 


016 


20 


362+0 


003 


19 


097+0 


003 


17 


538+0 


002 


354 


16 35 25 


42 


+66 08 22 


3 


17 


751 


21 


706±0 


012 


21 


208+0 


004 


19 


789+0 


003 


18 


151+0 


002 


377 


16 36 21 


37 


+66 08 32 


6 


17 


311 


21 


359±0 


007 


20 


969+0 


008 


19 


532+0 


005 


17 


801+0 


004 


626 


16 36 20 


64 


+66 09 28 


3 


17 


509 


21 


426±0 


009 


21 


082+0 


004 


19 


541+0 


003 


17 


914+0 


002 


665 


16 35 20 


86 


+66 09 36 





17 


131 


20 


749±0 


005 


20 


514+0 


003 


19 


193+0 


003 


17 


611+0 


002 


697 


16 35 22 


66 


+66 09 37 


7 


17 


142 


21 


079±0 


007 


20 


725+0 


004 


19 


230+0 


003 


17 


571+0 


002 


704 


16 35 27 


58 


+66 09 50 


5 


18 


320 


21 


679±0 


008 


21 


512+0 


004 


20 


162+0 


003 


18 


571+0 


002 


786 


16 35 30 


67 


+6610 04 


5 


17 


950 


21 


618±0 


007 


21 


295+0 


004 


19 


795+0 


002 


18 


154+0 


001 


849 


16 35 54 


85 


+66 10 14 


5 


17 


203 


21 


230±0 


007 


20 


878+0 


004 


19 


326+0 


003 


17 


703+0 


002 


926 


16 35 29 


09 


+6610 33 


8 


17 


900 


21 


912±0 


008 


21 


510+0 


005 


19 


997+0 


004 


18 


374+0 


002 


983 


16 35 35 


53 


+6610 34 





16 


210 


20 


809±0 


006 


20 


416+0 


004 


18 


826+0 


004 


17 


187+0 


003 


1046 


16 36 26 


42 


+66 10 47 


3 


16 


824 


20 


961±0 


006 


20 


642+0 


003 


19 


086+0 


003 


17 


472+0 


002 


1051 


16 35 54 


96 


+6610 58 


6 


18 


235 


22 


207±0 


013 


21 


796+0 


006 


20 


238+0 


004 


18 


601+0 


003 


1142 


16 35 47 


59 


+66 11 07 


8 


16 


618 


20 


634±0 


005 


20 


298+0 


003 


18 


773+0 


003 


17 


206+0 


002 


1175 


16 35 57 


14 


+66 11 08 


1 


16 


132 


20 


633±0 


007 


20 


270+0 


005 


18 


663+0 


005 


17 


079+0 


004 


1213 


16 3615 


88 


+66 11 35 


9 


17 


785 


21 


452±0 


007 


21 


144+0 


004 


19 


608+0 


002 


18 


035+0 


001 


1256 


16 35 49 


79 


+66 11 44 


5 


17 


683 


21 


827±0 


Oil 


21 


489+0 


006 


19 


982+0 


005 


18 


409+0 


003 


1293 


16 36 03 


95 


+66 11 40 





16 


711 


21 


038±0 


007 


20 


642+0 


004 


18 


972+0 


003 


17 


333+0 


002 


1343 


16 36 02 


25 


+66 11 52 


5 


16 


775 


20 


974±0 


006 


20 


571+0 


004 


18 


914+0 


003 


17 


278+0 


002 


1437 


16 35 56 


74 


+66 11 55 


2 


15 


403 


21 


200±0 


Oil 


20 


776+0 


009 


19 


097+0 


009 


17 


461+0 


008 


1454 


16 35 57 


35 


+66 12 15 


3 


17 


768 


21 


515±0 


007 


21 


183+0 


004 


19 


605+0 


003 


17 


988+0 


002 


1466 


16 35 59 


34 


+6612 06 


3 


16 


415 


21 


237±0 


008 


20 


826+0 


005 


19 


224+0 


004 


17 


598+0 


003 


1516 


16 35 46 


76 


+66 12 22 


5 


17 


454 


21 


452±0 


008 


21 


131+0 


006 


19 


597+0 


005 


18 


007+0 


004 


1552 


16 35 49 


92 


+6612 23 


4 


16 


514 


20 


995±0 


008 


20 


578+0 


006 


18 


955+0 


005 


17 


312+0 


005 


1580 


16 35 49 


38 


+6612 35 


9 


17 


097 


21 


081±0 


012 


20 


751+0 


010 


19 


206+0 


010 


17 


640+0 


009 


1605 


16 35 56 


65 


+66 12 40 


9 


17 


992 


21 


406±0 


007 


21 


154+0 


004 


19 


778+0 


003 


18 


315+0 


002 


1662 


16 35 51 


78 


+6612 34 





16 


634 


20 


732±0 


006 


20 


343+0 


004 


18 


762+0 


004 


17 


163+0 


003 


1711 


16 35 59 


31 


+6612 53 


2 


17 


293 


21 


269±0 


007 


20 


919+0 


004 


19 


357+0 


003 


17 


760+0 


002 


1831 


16 35 23 


68 


+6614 23 


1 


17 


235 


21 


223±0 


006 


20 


862+0 


003 


19 


331+0 


002 


17 


684+0 


002 


1888 


16 35 54 


60 


+6614 00 


2 


16 


561 


20 


882±0 


007 


20 


585+0 


006 


19 


044+0 


005 


17 


488+0 


004 


1914 


16 35 30 


09 


+6613 59 


6 


17 


044 


21 


097±0 


007 


20 


807+0 


004 


19 


329+0 


004 


17 


699+0 


003 


1928 


16 35 57 


21 


+66 14 21 


4 


17 


337 


21 


221±0 


008 


20 


910+0 


004 


19 


336+0 


003 


17 


709+0 


002 


1976 


16 35 47 


23 


+66 1444 


4 


16 


089 


20 


454±0 


005 


20 


105+0 


003 


18 


517+0 


003 


16 


930+0 


002 


2061 


16 3613 


77 


+6614 54 


7 


18 


165 


21 


945±0 


014 


21 


688+0 


009 


20 


258+0 


009 


18 


664+0 


004 


2076 


16 35 41 


15 


+66 13 46 


8 


16 


274 


20 


694±0 


006 


20 


353+0 


004 


18 


740+0 


004 


17 


123+0 


003 


2090 


16 35 33 


51 


+6614 51 


6 


17 


462 


21 


232±0 


006 


20 


949+0 


004 


19 


480+0 


003 


17 


898+0 


002 


2139 


16 36 01 


55 


+6614 57 


4 


17 


802 


21 


467±0 


008 


21 


268+0 


004 


19 


860+0 


003 


18 


257+0 


002 


2270 


16 35 51 


39 


+661311 


9 


17 


428 


21 


512±0 


009 


21 


107+0 


004 


19 


531+0 


003 


17 


925+0 


002 


2304 


16 36 24 


41 


+6615 32 


9 


18 


331 


21 


936±0 


009 


21 


550+0 


004 


20 


138+0 


003 


18 


567+0 


002 


2452 


16 36 02 


77 


+6616 00 


1 


17 


387 


21 


318±0 


008 


21 


083+0 


004 


19 


604+0 


003 


17 


936+0 


002 


2508 


16 35 52 


09 


+6616 39 





17 


465 


21 


338±0 


010 


21 


060+0 


006 


19 


565+0 


006 


17 


939+0 


004 


2604 


16 35 47 


16 


+661315 


8 


17 


106 


21 


138±0 


006 


20 


808+0 


004 


19 


217+0 


003 


17 


605+0 


002 


2615 


16 36 24 


96 


+6615 45 


8 


17 


460 


21 


404±0 


008 


21 


053+0 


004 


19 


598+0 


003 


18 


001+0 


002 


2660 


16 35 58 


27 


+6613 21 


2 


17 


895 


21 


824±0 


010 


21 


549+0 


004 


20 


000+0 


003 


18 


402+0 


002 


2702 


16 36 04 


16 


+6613 25 





16 


923 


20 


863±0 


006 


20 


516+0 


004 


18 


882+0 


003 


17 


285+0 


002 


2738 


16 36 04 


76 


+6613 42 


2 


18 


271 


21 


939±0 


010 


21 


663+0 


005 


20 


107+0 


003 


18 


485+0 


002 



The galaxy ID can be found in the finding chart (Fig. Al), /tot is the total magnitude derived from the Hale 



images (SExtractor's best_mag), f/ap, Bap, Vap, and Jap are magnitudes within a circular aperture of 4.0" 
diameter measured in the seeing-convolved images. None of the given magnitudes are corrected for extinction. 
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Figure Bl. Images of the 19 galaxies in our spectroscopic sample which fall within the ff5T/WFPC2 field of A 2218. Each panel is 20" 
square and is labelled with the galaxy ID and visual morphology from Table |B1|. 



APPENDIX B: KINEMATIC AND STRUCTURAL PARAMETERS FOR THE HST SUBSAMPLE 
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Table Bl. 



ID 


log{o-a) 


R702 




Te 






h 


d/b 


type 





2.50 


14.81 


1 


43 


18.347 


1.85 


30.00 


2.75 


0.27 


cD 


1051 


2.04 


18.83 


2 


85 


0.562 


0.33 


0.56 




0.00 


SO 


1175 


2.28 


16.71 


2 


60 


1.976 


0.88 


1.98 




0.00 


SBO/a 


1256 


2.18 


18.29 


2 


26 


1.421 


0.74 


1.12 


1.75 


0.22 


E 


1293 


2.38 


17.42 


2 


92 


0.997 


0.58 


0.75 


0.82 


0.49 


E 


1343 


2.38 


17.26 


3 


01 


0.968 


0.57 


1.70 


0.20 


0.33 


SO 


1437 


2.40 


15.68 


1 


69 


9.214 


1.55 


6.65 


8.22 


0.48 


E 


1454 


2.34 


18.03 


2 


90 


0.771 


0.47 


0.48 


3.23 


0.27 


SO 


1466 


2.30 


17.23 


2 


37 


2.055 


0.90 


2.05 




0.00 


E 


1516 


2.07 


18.15 


2 


88 


0.745 


0.46 


0.75 




0.00 


SBO/a 


1552 


2.23 


16.89 


2 


45 


2.198 


0.93 


2.56 


0.10 


0.08 


SBO/a 


1580 


2.21 


17.91 


2 


98 


0.732 


0.45 


0.73 




0.00 


SO 


1605 


2.13 


18.51 


2 


70 


0.761 


0.47 


0.59 


0.63 


0.43 


E 


1662 


2.56 


17.08 


2 


90 


1.186 


0.66 


1.60 


0.11 


0.16 


E 


1711 


2.31 


17.95 


2 


90 


0.794 


0.48 


0.59 


0.95 


0.29 


E 


1888 


2.19 


17.44 


2 


62 


1.380 


0.72 


0.38 


1.15 


2.02 


Sab 


2270 


2.23 


17.96 


2 


63 


1.082 


0.62 


1.08 




0.00 


Sa 


2604 


2.27 


17.67 


2 


88 


0.931 


0.55 


0.93 




0.00 


E 


2660 


2.08 


18.68 


2 


48 


0.926 


0.55 


0.93 




0.00 


E/SO 


2702 


2.35 


17.49 


3 


10 


0.782 


0.48 


0.78 


0.47 


0.21 


SO 



The galaxy ID can be found in the finding chart (Fig. Al ) and coordinates are given in Table Al 
log (cTa ) is the logarithm o f the aperture correc ted velocity dispersion (the value for the cD 
galaxy #0 was taken from j0rgensen ct al. 1999), iJ702 is the extinction-corrected, Vega- based 



total magnitude in the WFPC2 F702W filter, log(/e) is the mean surface brightness within the 
effective radius (in arcsec) in the / band according to Equation 8, log(i?e) is the logarithm of 
the effective radius (in kpc) , 5 is the effective radius of the bulge, /i is the scale-length of the 
disk (both in arcsec) and d/b is the luminosity weighted disk-to-bulge ratio (see Section 1.1.3 
for the derivation ). T he galaxy types were obtained visually by Prof. Couch. Thumbnail images 
are shown in Fig. Bll 
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Table CI. 



ID 




V 




H/3 


Mg6 


S/N 


disk 


208 


181.1±5.6 


46505±18 


1 


62±0.14 


4.17±0.15 


50 


d 


299 


163.3±5.0 


45708±15 


2 


64±0.11 


2.72±0.12 


133 




354 


105.5±7.2 


48949±28 


2 


49±0.15 


3.30±0.16 


65 




377 


247.0±4.9 


48505±17 


2 


03±0.18 


4.10±0.20 


137 




626 


128.1±5.3 


46573±19 


1 


97±0.21 


3.98±0.24 


84 




665 


126.1±7.2 


46577±22 


2 


09±0.13 


2.54±0.14 


99 




697 


189.5±8.6 


49622±12 


2 


05±0.11 


3.84±0.13 


76 


d 


704 


105.6±8.7 


47276±17 


2 


49±0.24 


3.27±0.26 


70 




786 


137.1±4.9 


50537±10 


1 


77±0.16 


3.64±0.17 


93 




849 


204.6±8.6 


45484±18 


1 


37±0.11 


4.34±0.13 


82 




926 


132.6±4.8 


49293±14 


2 


34±0.22 


3.98±0.23 


68 




983 


198.3±5.5 


48917±17 


1 


47±0.09 


4.40±0.10 


132 




1046 


247.1±4.8 


46372±15 


1 


80±0.13 


4.33±0.14 


41 




1051 


105.6±4.9 


48272±23 


1 


72±0.24 


4.23±0.26 


53 


d 


1142 


194.2±5.3 


45491±15 


1 


93±0.09 


3.88±0.10 


113 




1175 


182.8±5.2 


48256±14 


2 


03±0.08 


3.94±0.09 


140 


d 


1213 


150.1±4.6 


48067±22 


1 


87±0.18 


3.99±0.21 


75 




1256 


145.7±5.1 


49638± 1 


1 


91±0.22 


3.97±0.23 


72 




1293 


229.1±4.8 


47896±17 


1 


60±0.11 


4.78±0.13 


109 




1343 


230.6±4.9 


50027±15 


1 


87±0.11 


4.67±0.12 


110 


d 


1437 


237.3±4.5 


48495±15 


1 


76±0.10 


4.74±0.11 


127 




1454 


210.0±5.5 


49624± 9 


1 


77±0.19 


4.40±0.21 


103 


d 


1466 


189.9±5.1 


49405±12 


1 


88±0.14 


4.17±0.15 


107 




1516 


111.8±7.0 


44919±13 


2 


15±0.15 


3.40±0.16 


78 


d 


1552 


161.4±5.4 


48842±19 


2 


05±0.11 


3.78±0.13 


43 


d 


1580 


155.5±4.7 


47850±14 


2 


05±0.13 


3.81±0.14 


122 


d 


1605 


128.3±4.7 


47050±17 


2 


67±0.18 


3.57±0.19 


86 




1662 


348.5±5.6 


44948±28 


1 


80±0.09 


5.35±0.11 


150 




1711 


194.5±5.4 


47619±20 


1 


81±0.15 


4.60±0.17 


89 




1831 


182.2±5.5 


47833±14 


1 


84±0.15 


4.40±0.17 


80 




1888 


147.1±5.3 


47906± 4 


2 


50±0.11 


3.29±0.12 


86 


d 


1914 


140.8±5.1 


47556±15 


1 


65±0.16 


4.20±0.18 


87 




1928 


207.0±4.6 


48684±14 


2 


00±0.12 


3.88±0.13 


137 




1976 


266.2±5.0 


46339±17 


1 


56±0.08 


4.48±0.09 


145 




2061 


131.5±8.2 


49002± 8 


1 


65±0.24 


3.68±0.26 


73 




2076 


209.1±5.2 


49399±15 


1 


63±0.09 


4.16±0.10 


138 




2090 


134.4±5.3 


49211±15 


2 


13±0.19 


3.81±0.21 


86 


d 


2139 


114.5±6.5 


48905± 2 


1 


96±0.18 


3.14±0.19 


59 


d 


2270 


160.6±5.2 


46078±12 


1 


39±0.20 


4.26±0.22 


79 


d 


2304 


101.6±4.7 


46568±17 


3 


53±0.23 


3.48±0.25 


60 




2429 


163.3±4.9 


46235±12 


2 


12±0.20 


3.80±0.22 


46 




2452 


127.3±4.8 


46286±16 


1 


66±0.17 


3.92±0.19 


68 


d 


2508 


128.0±5.3 


47114±17 


1 


47±0.14 


3.87±0.15 


102 




2604 


179.3±9.9 


49390±17 


1 


97±0.12 


4.22±0.13 


86 




2615 


155.0±5.2 


49558±12 


2 


11±0.16 


3.32±0.17 


83 




2660 


114.8±4.5 


48561±15 


1 


42±0.23 


4.18±0.25 


63 


d 


2702 


212.3±5.5 


47747±14 


1 


89±0.09 


4.39±0.10 


156 


d 


2738 


173.7±5.5 


47723±14 


1 


86±0.21 


4.18±0.23 


76 




The galaxy ID can be found in the finding chart 


(Fig. |Ai|) and coordinates 



are given in Table Al 



cr is the velocity dispersion measured in kms~^ (not 
aperture corrected) and its error, v the radial velocity and its error. The 
line indices are measured in the flux-calibrated spectra and given in A. 
The signal-to-noise ratio is given in the last but one column, while the 
last column indicates whether the galaxy has a strong disk (d). 
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Figure CI. A 2218 example spectra shown in tlie observed frame. Spectra were degraded to tlie Lick resolution for measurement of the 
indices (for identification, see Fig. The left panels show spectra with decreasing S/N (a) from top to bottom, whereas the right panels 
show 'peculiar' galaxies (1662: high cr, 2270: low H/3, 299: low Mg^) and the skylines. 
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Table Dl. 

Relation 



Local 



A 2218: Full 



SO 



In 



Out 



(1) log<T-Mgi, 



3.80±0.35 
4.40±0.06 

-4.10 
72 



3.97±0.49 
4.33±0.06 
-0.07 
-4.55 

48 



4.18±0.67 

4.28±0.08 
-0.12 
-5.08 
31 



3.15/1.01 
4.40±0.09 


-2.66 
16 



3.61±0.57 

4.39±0.09 
-0.01 
-3.70 
24 



3.96±0.52 

4.27±0.09 
-0.13 
-4.59 
24 



(la) log(T-Mg6 



3.54±0.31 
4.39±0.04 
-0.01 
-3.53 
46 



3.37±0.39 
4.37±0.05 
-0.03 
-3.18 
29 



(2) logo-Tabs 



-6.82±0.89 
-21.49±0.06 

-6.23 
75 



-5.10±0.69 
-21.80±0.07 
-0.31 
-10.38 
48 



-5.44±0.35 
-21.78±0.06 

-0.29 

-9.59 
31 



-4.32±0.99 
-21.95±0.13 
-0.45 
-12.28 
16 



-5.46±0.90 
-21.81±0.14 

-0.32 

-9.60 
24 



-4.30±0.75 
-21.77±0.08 
-0.28 
-12.14 
24 



(3) log(i?e)-FP 



1.05±0.05 
0.58±0.01 

0.03 



1.13±0.08 
0.52±0.02 
-0.06 
-0.07 

20 



1.08±0.06 
0.60±0.03 

0.02 

0.03 

9 



1.05±0.18 
0.49±0.04 
-0.11 
-0.06 

11 



(4) log<T-log(M/L) 



1.27±0.13 
0.60±0.01 

-2.29 
102 



1.61±0.17 
0.52±0.02 
-0.08 
-3.16 
20 



1.52it0.42 
0.58±0.05 
-0.02 
-2.88 
9 



1.18±0.31 
0.47±0.04 
-0.13 
-2.23 
11 



1. row: slopeztlcT 

2. row: y{{x)) i.e. ordinate value at median value of abscissa 

3. row: A(A 2218-locaI) 

4. row: zeropoint 

5. row: number of galaxies 

Local sample: (1) SMAC (full sample), (2) j0crgcnscn reduced to value range of A 2218: log(o') > 
2.0, Tabs < -20.7, (3) j0ergensen reduced to value range of A 2218: log(iie) > 0.26,FP> 0.20, (4) 
j0ergensen reduced to value range of A 2218: log{a) > 2.0 

Distant sample: A 2218 full sample: E: only ellipticals; SO: only lenticulars; In: only core sample; Out: 
only outer region sample; (la) full sample without #299 and #665 



APPENDIX D: BOOTSTRAP BISECTOR FITS 
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This figure "mosaic_p200.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0103475v2 



This figure "mosaic_p200b.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0103475v2 



